Focusing on the interplay between the Rashba and cubic-k Dresselhaus spin-orbit interactions ͑SOI͒, we calculate the spin accumulation S z and the spin polarizations S i B at, respectively, the lateral edges and in the bulk of the two-dimensional electron gas. Their dependences on both the ratio between the Rashba and the Dresselhaus SOI coupling constants and the electron densities are studied systematically. Strong competition features in S z are found. In the Dresselhaus-dominated regime S z changes sign when the electron density is large enough. In the Rashba-dominated regime S z is essentially suppressed. Most surprising is our finding that the Rashba-dominated regime occurs when ␣ Ϸ 2␤ , where ␣ and ␤ are the Rashba and the effective linear-k Dresselhaus SOI coupling constants, respectively. For the spin polarizations S i B , the Rashba-dominated regime occurs when ␣ Ն ␤ . Our results point out that decreasing ͉␣͉ leads to the restoration of the spin accumulation S z .
I. INTRODUCTION
Spin-orbit interaction ͑SOI͒ provides the key leverage for the recent strive for all electrical generations and manipulations of spin densities in semiconductors. [1] [2] [3] [4] [5] [6] [7] [8] [9] Intrinsic SOIs, such as the Rashba SOI ͑RSOI͒ ͑Refs. 3, 7, and 9-12͒ and the Dresselhaus SOIs ͑DSOIs͒, 6, 13, 14, 23 are of particular interest. It is due to their tunability, gate tuning for the RSOI and either sample thickness or electron-density tuning for the DSOI, and to their physical origins, being independent of disorder that requires the presence of SOI impurities. Yet the ever present background scatterers do play a subtle role in the intrinsic spin-Hall effect. 15 In spin-Hall effect ͑SHE͒, an external electric field induces a transverse spin current and, in turn, an out-of-plane spin accumulation S z at lateral edges. 1, [5] [6] [7] [8] [9] For intrinsic SOIs, the background scatterers lead to a complete quenching of the edge spin accumulation S z when the SOI depends only linearly on the electron momentum k, 15 but S z maintains finite and dependent on the momentum relaxation time when the SOI has a cubic-k dependence. [14] [15] [16] [17] Thus, separately considered, the RSOI does not contribute to edge spin accumulation S z while the cubic-k DSOI does. For a more realistic situation, when the two SOIs coexist in a sample, RSOI could exert its effect on the edge spin accumulation S z , but that would have to be mediated through the cubic-k DSOI. It is of great interest to see whether this effect would be reinforcing or competing for S z .
Thus, in this work, we focus upon the interplay between the RSOI and the cubic-k DSOIs in their combined, or competing, effects on both the edge spin accumulation S z and the bulk spin density S i B . Bulk spin density S i B , formed in an external electric field, is another important physical quantity of interest that is closely related to the intrinsic SOIs. The subscript i denotes the vector component of spin. The effect of the background scatterers on S i B is less subtle than that on S z : S i B , remains finite for all intrinsic SOIs and depends on also. 3 Intuitively, up to leading order in the SOI coupling constant one might expect this S i B feature to arise from a SOI-effective magnetic field. 4 It turns out to be the case when there is only one dominated SOI and the SOI depends on k linearly. Take, for instance, a Rashba-type twodimensional electron gas ͑2DEG͒ in the diffusive regime, the k-dependent effective magnetic field becomes ͗h k ͘ =−␣z ϫ ͗k͘ when ͗k͘ is averaged over the electron distribution given by a shifted Fermi sphere f͑⑀ , k͒ = f 0 ͑⑀ , k͒ − eបk·E m ‫ء‬ ␦͑⑀ F − ⑀͒, where ␣, f 0 , and m ‫ء‬ are, respectively, the Rashba coupling constant, Fermi-Dirac distribution, and electron mass and for e Ͼ 0. With ͗h k ͘ = ␣e / បẑ ϫ E, the bulk spin density, in units of ប, is given by S B =−N 0 ␣e / បẑ ϫ E, which was first obtained by Edelstein. 3 In the above expression the density of states per spin is denoted by N 0 . Beyond leading order or linear k dependence in the SOIs, or for the coexistence of different types of SOIs, the derivation of S i B becomes more involved. In this work, we calculate the S i B within a spin-diffusion equation approach and perform a systematic study on the competing interplay between the RSOI and the cubic-k SOIs.
Interplay between the RSOI and the linear-k DSOI in a sample has attracted much attention lately. [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] Earlier work studied the effect of ␣ = ␤ , where ␤ is the effective linear-k DSOI coupling constant, on the magnetoconductivity. 18 More recent work on the same ␣ = ␤ regime pointed out that the spin becomes a good quantum number, independent of k, and has a long relaxation time. 19 The D'yakonov-Perel' ͑DP͒ mechanism 1 for spin relaxation is suppressed. This finding led to proposals for spintronic transistor that would manipulate polarized spin transport in the diffusive regime. 19, 20 It was later shown, within the same ␣ / ␤ = 1 regime, that the Fermi circles of opposite spins are connected by a wave vector Q that depends only on the SOI constant and the effective mass. 24 This leads to the persistent spin-helix state. 24 Since the ratio ␣ / ␤ is important for the development of spintronics, and the transport is anisotropic when both ␣ and ␤ are finite, 22, 23, [26] [27] [28] [29] a number of experiments were designed to extract this ratio by the monitoring of the spin photocurrent. 22, 26, 27 Most of the studies dealt with the linear-k SOIs. One of the exceptions is a weak localization experiment that has extracted ␣, ␤ , and also the cubic-k DSOI coupling constant from comparing the magnetoconductance data with a weak localization theory. 21 The delicate interplay between the RSOI and the cubic-k DSOI is yet to be explored and is much needed in either the spin transport, as is briefed above, or in the spin accumulations, as is related to SHE.
To study the interplay between the RSOI and the cubic-k DSOI in the diffusive regime, we extend our previous studies on the spin diffusive in a 2DEG strip to include both types of the SOI. 17 The diffusive regime has l e Ͻ L so , where L so and l e are, respectively, the typical spin-relaxation length due to either the RSOI or the DSOI and the momentum-relaxation length. We study in detail the variations in S z and S i B with respect to ␣ / ␤ and to the electron density. Our result shows Dresselhaus-dominated and Rashba-dominated regimes are determined primarily by the ratio ␣ / ␤ . In the intermediate regime, intricate interplay between the RSOI and cubic-k DSOI is clearly shown as the electron density is varied. The edge spin accumulation S z is essentially suppressed in the Rashba-dominated regime. Most surprisingly is our finding that the Rashba-dominated regime occurs when ␣ Ϸ 2␤ for the edge spin accumulation S z and when ␣ = ␤ for the bulk spin polarization S i B . Our result points to a possible way to restore the DSOI's contribution to the SHE, namely, to lower ͉␣ / ␤ ͉ to values well below unity. In Sec. II we present the spin-diffusion equation and the analytical solutions. In Sec. III we present our numerical results and discussions. Finally, in Sec. IV, we will present our conclusion.
II. THEORY
The system we consider is a 2DEG confined in an infinite strip with transverse boundaries at y = Ϯ d / 2. The thickness of the strip w Ӷ d. An electric field E in the x direction induces the SHE. The phenomenon is described by a spindiffusion equation 14, 17 which has been derived from the Keldysch nonequilibrium Green's function method. 30 It has also been extended to the case of an in-plane magnetic field. 31 Detail of the derivation is not repeated here, but we will describe the physical meaning of the terms in the spindiffusion equation. For our purpose here, the SOI magnetic field h k includes both the RSOI and the cubic-k DSOI and is separated into linear-k and cubic-k terms h k = h k,1 + h k, 3 . In a 2DEG, h k lies on the two-dimensional plane after we average it with the lowest subband wave function over its thickness. Explicitly, we have
Here, ␤ is the DSOI coupling constant, 2 = ͗k z 2 ͘, and k x and k y are along, respectively, the ͓100͔ and ͓010͔ directions for a zinc-blende crystal. 32 It is convenient to define the effective linear-k DSOI coupling constant ␤ = ␤ 2 . The SOI hamiltonian H so = h k · , where is the Pauli-matrix vector.
Equation ͑1͒ provides us a simple way to get at the direction of the effective magnetic field h k for a given electron distribution in the k space. This is important for an intuitive understanding of the spin-diffusion equation. From h k = −h −k , the effective magnetic field is zero when the k-space occupation is symmetric, as it is for the equilibrium case. If the deviation from equilibrium is a shifted distribution characterized by a wave vector Q, then the effective magnetic field h R due to RSOI will be along the direction of Q ϫ ẑ. The DSOI case is less straight forward, but when Q is along either k x or k y , then h D will be along or opposite to Q . Specifically, in the low electron-density ͑k F Ӷ ͒ regime h D will be opposite ͑along͒ to Q when Q is along k x ͑k y ͒. The direction of h D will be reversed in the high-density ͑k F ӷ ͒ regime. Here k F is the Fermi wave vector.
The stationary spin-diffusion equations are given by
where diffusion constant D = v F 2 / 2, and S i is the spin density in units of ប. Since k F l e ӷ 1, charge neutrality is maintained by the condition of zero net charge density throughout.
The DP spin-relaxation rates ⌫ il =4h k 2 ͑␦ il − n k i n k l ͒ for i, l 1, 2, and 3, for unit vector n k = h k / h k . The overline denotes the angular average over the Fermi surface. Specifically, we have
The diagonal components of the DP spin-relaxation rate receive independent contributions from the individual SOI. The off-diagonal DP components, however, involve both SOIs together, as they are proportional to ␣␤ . Furthermore, k serves as an agent that carries the cubic-k effects of the DSOI. For example, the term that has ␤ 2 k 2 is resulted from mixing the linear-k and the cubic-k effects of the DSOI, whereas the term that has ␤ 2 k 4 is due solely to the cubic-k effect of the DSOI, and in its second order.
Spin precession arising from spatial nonuniformity in spin densities is characterized by coefficients 
As we will explore the interplay between the two SOIs by varying ␣ while keeping ␤ fixed, it is more convenient to define the length scale l so =2D / R zxy according to the strength of ␤ only. The coefficient R ilm , if not zero, causes the precession of S l , due to its spatial variation along m , to rotate into S i . That R zyy , for instance, receives sole contribution from RSOI can be understood from our aforementioned shifted electron-distribution picture. Taking that S y ͑q y ͒ is represented by a shifted distribution with Q =−ŷ , the effective magnetic field h R due to RSOI will be along Q ϫ ẑ =−x , leading to the precession of S y about x clockwise. On the other hand, the effective magnetic field h D due to DSOI for this case will be along −ŷ, assuming low electron-density regime, and cannot lead to the precession of S y . Similar argument can be applied to explain why R zxy , for instance, receives contribution from DSOI only.
The effect of the driving electric field on the above spin diffusion enters through the coefficients C i , for i 1,2. It is
incorporates the spin-charge coupling and D 0 0 =−2N 0 eEx is a local equilibrium density. 17 The bulk spin densities can be solved directly from Eq. ͑2͒. We obtain forms 45°with the −x axis. We solve the spin-diffusion equation for the spin density S i across the semiconductor strip. The boundary condition we use is derived from requiring the local spin-current density I y i , which is expressed in terms of both S i and its spatial derivative ‫ץ‬S i / ‫ץ‬y, to be zero in its transverse flow I y i at the lateral edges. 17 This is appropriate for a hard-wall boundary. 33, 34 Extended to include both SOIs, the spincurrent density is given by
The spin-current density in Eq. ͑4͒ has contribution from spin diffusion, via the spatial gradients in S i , spin precession, via the R ilm coefficients, and the electric field, via the bulk spin-current density I sH . It is given by
III. NUMERICAL RESULTS AND DISCUSSIONS
In this section, we present the edge spin accumulation S z and the bulk spin polarizations S B for a 2DEG semiconductor strip that consists of both the RSOI and the cubic-k DSOI. For definiteness, material parameters are chosen to be consistent with GaAs: effective mass m ‫ء‬ = 0.067m 0 , with m 0 the electron mass; Dresselhaus SOI ␤ = 27.5 eV Å 3 , 32 and ␤ ͑ ϵ␤ 2 ͒ = 2.22 eV m for quantum well thickness w = 300 Å. The width of the strip is d =30 m, and the mean free path l e =1 m. Typical value of l so for n =1ϫ 10 15 m −2 , or k = 0.76, is l so = 2.20 m. The electrons occupy only the lowest subband in the quantum well. An electric field E =25 mV/ m is applied along x to set up the spin-Hall phenomenon. Figure 1 presents the spatial profile of S z across the semiconductor strip. Besides the well-known odd-parity feature of S z in the transverse coordinate y, Figs. 1͑a͒-1͑d͒ show, for the given physical parameter ranges, that the spin accumulation S z is sensitive to the ratio ␣ / ␤ . S z has the largest magnitude in Fig. 1͑a͒ , where ␣ / ␤ = 0; it exhibits sign changes in Figs. 1͑b͒ and 1͑c͒ , where ␣ / ␤ = 0.5 and 1, respectively; and it is essentially suppressed in Fig. 1͑d͒ , when ␣ / ␤ = 2.0. The fact that the RSOI dominates as early as ␣ / ␤ = 2.0 is surprising.
Dependence of S z on the electron density, or k, is also shown in Fig. 1 . For the case of pure Dresselhaus SOI, the edge spin accumulation S z increases with k. This feature corroborates with the fact that the cubic-k SOI is the major contributor to S z . On the other hand, S z can change sign by either increasing the electron density, as is shown by the k = 1.20 curve in Fig. 1͑b͒ , or by increasing the ␣ / ␤ ratio, as is shown by the curves in Fig. 1͑c͒ . This sign change in S z is a manifestation of the competition between the RSOI and the cubic-k DSOI. That the RSOI joins forces with the cubic-k DSOI to compete with the pure cubic-k DSOI feature is an intriguing result we have found here. This is supported by Fig. 1͑b͒ , when the RSOI is of intermediate strength. The sign change in S z occurs for the k = 1.20 curve of which the cubic-k effect is the strongest. For larger RSOI, as in Fig.  1͑c͒ , the sign change occurs for all curves shown, including those of smaller k values. All these characteristics, and the results in the following, have prompted us to categorize the spin accumulation into three regimes: the Dresselhausdominated regime, Fig. 1͑a͒ ; the Rashba-dominated regime, Fig. 1͑d͒ ; and the intermediate regime, Figs. 1͑b͒ and 1͑c͒ . The ratio ␣ / ␤ is the key parameter that helps define these regimes. We note in passing that we have treated ␣ and k as though they were independent parameters whereas in practice they may be connected. It has been demonstrated experimentally, however, that the two parameters can be decoupled by a two gates technique. 35 The dependence of the edge spin accumulation S z − ϵ S z ͑y =−d / 2͒ at the sample edge on the regime parameter ␣ / ␤ is presented in Fig. 2 . The first feature that we want to address about these curves is their even parity in ␣ / ␤ . This confirms our expectation nicely because the symmetry of the system seems to demand a parity symmetry in S z − with respect to ␣ / ␤ . However, the fact that S z − 0 at ␣ / ␤ = 0 rules out the possibility for a S z − of odd parity, leaving us the even parity as the only choice. There are other features, which are equally important, in the general dependence of S z − on ␣ / ␤ .
Starting from a maximum at ␣ / ␤ =0, S z − passes through a minimum of negative value and then diminishes to small values at ␣ / ␤ = 2. The minima occur within a region 0.5 Ͻ ␣ / ␤ Ͻ 1. These minima of S z − are resulted from the competition between the two SOIs. In contrast, the maximum of which is quite close to the value k = 1.47 for the pure DSOI curve. We point out that the averages on h that enter into the contribution to the various processes considered in this work are much complicated than the one that we have just shown. But this nice correspondence in the k values for the ␣ / ␤ =0 case convinces us that the effective magnetic field concept is at work. This effect of ␣ on the zero of S z − shows that the effect of RSOI is a competing one. Similar competing nature causes the suppression of the pure DSOI feature in the k Ͼ 1.2 region. As is demonstrated by the ␣ / ␤ = 1 curve, the pure DSOI trend in this region no longer prevails but is largely suppressed. It is also of interest to see that direction and magnitude, unless for very large k. Thus the RSOI helps to make the linear-k SOI dominates in the formation of S B for ␣ / ␤ Ͼ 1.
IV. CONCLUSION
In conclusion, we have studied systematically the competing interplay between the RSOI and the cubic-k DSOI in their contribution to the edge spin accumulation and the bulk spin polarization. There are three regimes, namely, the Dresselhaus-dominated regime ͉͑␣ / ␤ ͉ Ͻ 0.5͒; the Rashbadominated regime ͉͑␣ / ␤ ͉Ϸ2͒; and the intermediate regime ͑0.5Ͻ ͉␣ / ␤ ͉Ϸ1͒. The optimal restoration of the spin accumulation occurs in the region ͉␣ / ␤ ͉ Ͻ 1.0. While the RSOI alone cannot give rise to spin accumulation, it can still exert its effect via the cubic-k DSOI, and thus provide the needed tunability for spin accumulations.
